such that the joint can provide electrical and thermal conduction, as well as mechanical strength to hold the chip and the substrate. The solder volume is estimated to be 6 × 10 5 μ m 3 , which is much larger than that of the UBM.
As the microelectronic industry shifts to 3D ICs, more inputs/outputs are needed. Therefore, microbumps of 20-μ m diameter are currently being adopted to be the vertical interconnects between chips. The microbumps have been successfully fabricated by refl ow or thermo-compression. 6 -14 Typically, refl ow is carried out in an oven at a temperature above the melting point of the solder for approximately one minute, whereas thermo-compression is achieved by a bonder with a compressive force above the melting point for a few seconds. Figure 1b shows the structure of a typical Sn2.5Ag microbump with 5 μ m Cu/3 μ m Ni UBM on both top and bottom chips. The solder height decreases to only 6.2 μ m. Nevertheless, the thickness of the UBM cannot be scaled down accordingly due to consideration of metallurgical reactions. If the UBM is too thin, intermetallics (IMCs) would detach from the UBM when the UBM is consumed. 15 Therefore, the UBM thickness of the microbump remains approximately the same as that of the fl ip-chip joint. It is noteworthy that the transistor has gradually scaled down in the past three decades. For example, the minimum feature length shrank from 90 nm to 65 nm nodes
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With the electronics packaging industry shifting increasingly to three-dimensional packaging, microbumps have been adopted as the vertical interconnects between chips. Consequently, solder volumes have decreased dramatically, and the solder thickness has reduced to a range between a few and 10 microns. The solder volume of a microbump is approximately two orders of magnitude smaller than a traditional fl ip-chip joint. In contrast, the thickness of the under-bump metallization (UBM) remains almost the same as that in fl ip-chip solder joints. Therefore, many issues concerning materials and reliability of microbumps arise. This article reviews the challenges related to microbump materials for vertical interconnects, including transformation of solder joints into intermetallic (IMC) joints, necking or voiding induced by side wetting/diffusion on the circumference of the UBM, formation of porous Cu 3 Sn IMCs, early electromigration failures caused by specifi c orientations of Sn grains, and precipitation of plate-like Ag 3 Sn IMCs. An alternative way of fabricating vertical interconnects using direct Cu-to-Cu bonding is also discussed.
and from 65 nm to 45 nm nodes, which are approximately 30% reductions in dimension. However, the packaging industry experienced a dramatic scaling down from 100 μ m to 20 μ m, which is an 80% reduction in diameter.
Two distinct differences arise due to this shrinkage in dimension. The volume of the solder for the microbump has decreased to 1.6 × 10 3 μ m 3 , which is approximately 1/400th of the volume of the conventional fl ip-chip joint. In addition, the solder volume is smaller than the metallization volume on both the top and bottom chips, as seen in Figure 1b . Therefore, the microbump may transform into an IMC joint after joining or after electromigration tests. Many problems may arise due to the small solder volume and the phase transformation, which are discussed later in the text. Furthermore, the cross-section for electric conduction of the microbump reduces to 1/25 of the fl ipchip solder joint. The user-level current density of a microbump is around 1 × 10 4 A/cm 2 , which is larger than the threshold value for electromigration of solders. 16 -18 Thus, electromigration becomes another issue for microbumps.
Reliability issues related to a small volume of solder
The small volume of solder in a microbump may cause several reliability issues, including transformation of solder joints into IMC joints, 5 , 19 -23 23 as shown in Figure 2 a. Some Kirkendall voids due to unbalanced atomic fl ux are formed in Cu 3 Sn layers and may weaken the mechanical properties of the microbump. Further heat treatment will transform the microbump into Cu/Cu 3 Sn/Cu. 34 Even though Ni has a lower reaction rate than Sn, the solder in Ni/solder/Ni can also be completely consumed and form a Ni/Ni 3 Sn 4 / Ni IMC joint after electromigration, 5 , 7 as shown in Figure 2b . Current stressing (i.e., applying high current densities) enhances the dissolution of Ni and accelerates the formation of the Ni 3 Sn 4 IMC. For Ni/solder/Cu microbumps, ternary IMCs of (Cu,Ni) 6 5 , 35 However, formation of IMCs would neither cause excessive Joule heating nor accelerated electromigration damage. Instead, the three IMCs possess higher electromigration resistance than SnAg solders 36 , 37 because they have higher melting points and elastic moduli than SnAg solders, as shown in Table I . With proper design of the thickness ratio of UBM materials to solders, the solders in microbumps can completely transform into IMCs, thus enhancing the electromigration resistance. 37 In fact, it has been reported that the electromigration lifetime of microbumps surpasses that of fl ip-chip solder joints. 6 , 38 , 39 This is because IMC joints form during electromigration, and there is almost no current crowding effect in solders. 7 , 35 , 39 The current distributes uniformly in the solder.
On the other hand, IMCs are brittle in nature. Hence, the mechanical properties of IMC microbumps may be worse than those of microbumps of the remaining solders. Whether the three IMCs are brittle remains controversial, 40 because both Ni-Sn and Cu-Sn microbumps can pass the temperature cycling test (TCT), in which the microbumps experience temperature cycling between -55°C and ∼ 125°C for 1000 cycles. Usually, when the resistance of the microbumps does not increase over 20% of their initial value after the test, the microbumps pass the test. The drop test can determine whether IMC microbumps are brittle. During drop tests, microbumps are dropped from a certain height and experience a much higher strain rate than during TCTs. However, no such results have been reported. In addition, the creep behavior of IMCs is not clear and merits more investigation.
Necking or voiding induced by side wetting/diff usion
Necking or voiding induced by side wetting/ diffusion becomes a serious reliability issue in microbumps, and no solution has been reported so far. Liang et al. claimed that the solder may wet the circumference of the Ni/Cu UBM during refl ow. 24 Sn atoms tend to diffuse on the circumference of Ni and Cu UBM to form Ni 3 Sn 4 and Cu 3 Sn, respectively, to reduce the free energy of the system. Owing to the small solder volume, necking or voiding may occur when Sn is drawn away. Figure 3 a presents an as-fabricated Cu/ Ni/solder/Ni/Cu microbump with a solder height of 8 μ m. After refl ow at 260°C for 20 min, Sn diffused to the circumference of Ni and Cu UBM to form Ni 3 Sn 4 and Cu 3 Sn, respectively. 24 As a result, the solders between the top and bottom UBM were depleted, and necking or voiding occurred in the joint. Necking or voiding weakens both mechanical and electrical properties of the microbump. In some cases, the solders were completely depleted, as shown in Figure 3b . This phenomenon not only happens during molten-state refl ow, but also takes place in solid-state aging, 25 thermal cycling, 26 and electromigration tests. 19 , 27 Therefore, it is an urgent problem, which needs to be solved.
Formation of porous Cu 3 Sn IMCs
For the Cu-Sn metallurgical reaction, layer-type Cu 3 Sn is regarded as the terminal phase when there is a limited amount of Sn. 4 ( Figure 4 b) . A mechanism has been proposed to explain the formation of the porous Cu 3 Sn layer, as described later in the text. IMCs of Cu 6 Sn 5 on Cu tend to transform into Cu 3 Sn upon continuous annealing. The process involved is either 6 5 3 Cu Sn 2Cu Sn 3Sn → +
or 6 5 3 Cu Sn 9Cu 5Cu Sn. 
Early electromigration failures caused by specifi c orientations of Sn grains
Extremely fast Cu and Ni dissolution may occur along specifi c Sn grain orientations. 41 , 42 Lu et al. found that rapid depletion of IMCs and Ni UBM occurs along the c -axis of Sn crystals, resulting in signifi cant damage to the joints. 43 The dissolution of Cu and Ni is rapid because Cu interstitial diffusivity along the c -axis is 500 times faster than that along the a-or b -axis of Sn crystals at 25°C, and the diffusivity of Ni along the c -axis is ∼ 7 × 10 4 times faster than that at right angles ( a-or b -axis) at 120°C. 41 Therefore, Sn grain orientation plays an important role in the electromigration failure modes and lifetime of SnAg solders. The effect of Sn grain orientation on reliability issues will become more signifi cant because some of the microbumps consist of a single Sn grain. 44 , 45 It has been reported that fl ip-chip joints with c -axis Sn grains parallel to the electron fl ow had shorter electromigration lifetimes than joints with Sn grains perpendicular to the electron fl ow. 46 This is because c -axis Sn grains parallel to the electron fl ow allow rapid dissolution of the Ni UBM, leading to deterioration of contact opening and shorter electromigration lifetime. The Ni UBM connects to the circuits in the chip through the contact opening, and voids may form after the Ni UBM is dissolved into the Sn grains. However, for microbumps, the effect of Sn grain orientation on electromigration lifetime is the reverse. Rapid dissolution of Ni UBM occurring in microbumps with c -axis Sn grains parallel to the electron fl ow transform them into IMC microbumps, resulting in a longer electromigration lifetime.
, 37
Figure 5 a-f shows the effect of Sn grain orientation on the formation of Ni 3 Sn 4 IMCs. 7 c -axis Sn grains nearly perpendicular to the electron fl ow (high-angle grains) had a much lower IMC formation rate. The three Sn grain orientations in Figure 5b are 84.9°, 81.1°, and 85.2°. Thus, most of the solders were un-reacted, yet in the microbump in Figure 5c -d, the IMC formation rate in the center grain appeared much faster than the two grains on the periphery of the microbumps. The Ni 3 Sn 4 IMC bridged the joint. However, some Sn grains at low angles to the electron fl ow were transformed into IMC grains, which have higher electromigration resistance than solder.
The Sn grain in Figure 5c is at 89.9° to the electron fl ow, and most of the solder remained intact. Voids may form in this microbump after longer current stressing up to thousands of hours. The microbump in Figure 5c has a bridged Ni 3 Sn 4 IMC, which will have a longer electromigration lifetime than the microbump in Figure 5e . 6 The EBSD maps show the orientation of the remaining Sn grains after current stressing. The angle labeled in the maps represents the angle between the current direction and the c -axis of the Sn grain. Note: IMC, intermetallic.
Precipitation of plate-like Ag 3 Sn IMCs
SnAg alloys have been adopted as solder materials in fl ipchip solder joints due to their excellent mechanical properties and precise control of the composition during electroplating. Dispersed Ag 3 Sn IMCs formed in the as-fabricated microbumps, as shown in Figure 6 a. 29 However, large plate-like Ag 3 Sn IMCs form inside the solder joints when the concentration of Ag is higher than 3.5 wt%, 47 and cracks may initiate at the interface of these plate-like Ag 3 Sn IMCs and the solder when the solder joints are subjected to stress. 48 Therefore, the packaging industry has adopted SnAg alloys with a low Ag concentration ( ∼ 2.5 wt%) to avoid the formation of these platelike Ag 3 Sn IMCs. However, plate-like Ag 3 Sn IMCs may still form even when low-Ag concentration solder is used. This is because during Cu-Sn or Ni-Sn interfacial reactions, the Ag atoms do not participate in the reactions, and they do not form Cu-Sn-Ag or Ni-Sn-Ag ternary IMCs. They are expelled to the molten solder during the interfacial reaction. In microbumps with small amounts of solder, when Sn is consumed by interfacial reactions, the concentration of Ag in the remaining solder continues to increase. At some point, the Ag concentration will exceed 3.5 wt%. 30 , 31 When the microbumps are cooled, platelike Ag 3 Sn IMCs will then form in the microbumps. Figure 6b shows 4.0-μ m-thick Sn2.5Ag microbumps after refl owing for 10 min at 260°C, respectively. As can be seen, plate-like Ag 3 Sn IMCs formed in the solder and Ni 3 Sn 4 IMCs. These precipitates will adversely affect the mechanical properties of the microbumps. Therefore, the concentration of Ag in SnAg solders should be decreased with downward scaling of microbumps.
Vertical interconnects by Cu-to-Cu direct bonding
Another approach to fabricating vertical interconnects is Cu-to-Cu direct bonding. 49 Under ultrahigh-vacuum conditions, direct Cu-toCu bonding can be achieved at room temperature; however, the Cu surface needs to be cleaned prior to bonding by using a surfaceactivated approach, and the process is rather time-consuming. 50 Under ordinary-vacuum conditions on the order of 10 -3 to 10 -4 Torr (0.13 to 0.013 Pa), direct Cu-to-Cu bonding can be obtained by thermal compression at temperatures exceeding 300°C for more than 30 min under compression of approximately 100 psi. 51 Nevertheless, the temperature is much higher than the melting temperature of Pb-free SnAg solders. Thus, the key challenge in direct Cu-to-Cu bonding is determining how to lower the bonding temperature to 250°C under 0.13 to 0.013 Pa vacuum. Liu et al. reported that Cu-to-Cu direct bonding can be accomplished below 200°C in ordinary vacuum by using highly (111)-oriented Cu, in which almost 100% of the surface area is (111) oriented.
52 Figure 7 a presents a cross-sectional transmission electron microscopy (TEM) image of a bonded Cu fi lm after bonding at 150°C for 1 h. 52 The dark-fi eld TEM image shown in Figure 7b indicates that the bonding surfaces are all (111) oriented. An excellent interface can be obtained because the surface diffusion coeffi cient on the (111) surface of Cu is three to four orders of magnitude faster than on other surfaces. 53 Hsiao et al. reported that nanotwinned Cu prepared by electroplating also possesses a preference for high (111) orientation. 54 Therefore, the nanotwinned Cu fi lms may also be adopted to achieve low temperature Cu-to-Cu direct bonding. Nevertheless, more effort is needed for the implementation of Cu direct bonding as 3D IC vertical interconnects.
Conclusion
This article reviewed the status of current research on vertical interconnects using microbumps. Several critical reliability issues, such as transformation of solder joints into IMC joints, necking or voiding induced by side wetting/diffusion on the circumference of UBM, formation of porous Cu 3 Sn IMCs, early electromigration failure caused by specifi c orientations of Sn grains, and precipitation of plate-like Ag 3 Sn IMCs were discussed. These issues are mainly caused by the small volume of solder in the microbump. More efforts are needed to better understand these issues and provide solutions to these problems. Even though the issues for the 20 μ m microbumps can be solved, the dimension of the microbumps will continue to scale down. The diameter of the microbumps is expected to shrink to 10 μ m in fi ve years. Therefore, these issues may emerge again and need to be examined in smaller microbumps. 
